assumed. Three ways of hydrogen incorporation are in agreement with this observation: (a) hydrous species at the oriented interfaces between triphylite host and sarcopside lamellae, (b) hydrogen from submicroscopic inclusions of hydrous phosphate minerals such as phosphoferrite-reddingite, (Fe,Mn) 3 (PO 4 ) 2 · 3H 2 O, (c) hydrous point defects in the structure of triphylite and/ or sarcopside, which are possible under the assumption of vacancies at the Li (M1) and/or P sites.
Introduction
Minerals of the triphylite-lithiophilite series, Li(Fe,Mn)PO 4 occur in evolved granitic pegmatites that are enriched in both lithium and phosphorus and are often altered to a wide variety of secondary hydrous phosphate minerals (Nriagu 1984; Vignola et al. 2011) . Triphylite has a definite technical interest in view of its application as a storage cathode for rechargeable lithium batteries (Padhi et al. 1997; Andersson et al. 2000; Prosini et al. 2001; Yamada et al. 2001; Yang et al. 2002; Fehr et al. 2007) . Knowledge on the presence of hydrous phases in this rather uncommon mineral may be important for the design of lithium-phosphate storage cathodes.
Triphylite group minerals are isostructural with olivine. Recham et al. (2008) Mössbauer parameters of triphylite have been recently reported by Van Alboom et al. (2011) . Great interest has been devoted to the modes of OH defect incorporation in natural and annealed Mg-rich (silicate) olivines, especially from kimberlitic xenoliths Keppler and Bolfan-Casanova 2006; Mosenfelder et al. 2006; Gose et al. 2010) . OH defects have also been reported in the non-silicate olivine-type minerals chrysoberyl, Al 2 BeO 4 , and sinhalite, MgAlBO 4 (Bauerhansl and Beran 1997) . However, comparatively few studies exist on the 'water' content of nominally anhydrous non-silicate mineral phases. In general, the presence of a hydrous phase is often controlled by compositional factors but may also vary as a function of the geological environment.
Infrared (IR) spectroscopy provides an extremely sensitive method for detecting trace amounts of hydrogen bound to oxygen atoms, thus forming OH or H 2 O defects in the structures of various nominally anhydrous minerals (Johnson 2006; Libowitzky and Beran 2006; Rossman 2006) . By using polarised radiation, the pleochroic scheme of the OH absorption bands provides information on the orientation of the hydrous phases (Libowitzky and Rossman 1996) , the wavenumber of an O-H stretching band suggests a certain hydrogen bond length d(O-H···O) (e.g. Libowitzky 1999) , and the intensity of OH absorption bands provides information on concentration (e.g. Libowitzky and Rossman 1997) . Nevertheless, by discussing OH absorption spectra of nominally anhydrous minerals, the presence and the oriented intergrowth of microscopic to submicroscopic hydrous mineral inclusions have to be considered. Based on this method it is the principal aim of the present paper to characterise the absorption properties of triphylite in the OH stretching vibrational region and to discuss plausible models for the incorporation of hydrous phases into the close-packed structure of this phospho-olivine mineral with potential technical implication.
Experimental
Sample description and sample preparation A cut, single-crystal gemstone of intermediate triphylitelithiophilite from an unknown locality in Brazil, with exceptional optical quality, and with an approximate size of about 0.3 x 0.3 x 0.6 cm, was used for the present investigation. Unfortunately, there exist some ten Brazilian triphylite occurrences in the states Minas Gerais, Paraíba, and Rio Grande do Norte (www.mindat.org). However, due to hints on bad crystal quality and diverging chemistry, most localities can be excluded. There remain only two probable phosphate pegmatites, i.e. the Cigana claim (Jocão claim), Minas Gerais (no composition available; hints on "gem material"), and the Serra Branca pegmatite, Paraíba. The latter occurrence appears most compelling, as the triphylite composition with Fe/(Fe+Mn)00.55 and the lattice parameters (Pmnb setting) a06.052 and 6.048 Å, b010.391 and 10.337 Å, c 04.715 and 4.704 Å (sample P100 from Fransolet et al. 1984 and Langer et al. 2006) are almost identical to those of the present specimen (see below). From ten energy-dispersive X-ray spectrometry (EDS) analyses (for experimental details see below) the formula Li(Fe 0.56 Mn 0.42 )P 1.02 O 4 was obtained. As Li cannot be analysed with EDS, it was assumed as 1.00 atoms per formula unit (apfu). Analysis of Li by other methods such as (i) atomic absorption spectrometry (AAS) or (ii) laser-induced breakdown spectroscopy (LIBS) was declined as these techniques are either (i) a destructive bulk method or (ii) rather inaccurate (± 20% rel.) with low lateral resolution (6-8 μm; Fabre et al. 2002) .
The crystal piece was oriented by X-ray single-crystal diffraction using a Nonius Kappa CCD four-circle diffractometer. In two sequences of preparation, the gemstone was cut with a low-speed diamond wheel saw parallel to (100) and (010). Subsequently, the crystal was attached with the existing faces on a sample grinder and cut and polished on both opposite sides to a final thickness of 0.2 cm in both directions, thus forming a pseudo-tetragonal prism. In addition, following the same preparation procedure, a 0.1 cm thick crystal plate, cut and polished parallel to (001) was prepared.
The used indices refer to the lattice parameters a04.705 (5), b010.381(10) and c06.041(6) Å, space group Pbnm, obtained during the X-ray single-crystal inspection above (due to the large crystal size and the quick procedure the estimated standard deviation of the lattice parameters is not better than 0.1% relative). They are in good agreement with the refinement data given by Losey et al. (2004) for an intermediate (Fe 0.50 Mn 0.50 ) crystal (sample Trip50) of the triphylite-lithiophilite solid solution series (see also Padhi et al. 1997; Yang et al. 2002) . Even better, using linear regression of lattice parameters between Trip06 and Trip79 (including/excluding the Mg-rich sample Trip89) from Losey et al. (2004) , X Fe values of 0.54-0.58 are obtained, confirming the EDS data above.
FTIR and Raman spectroscopy, SEM, TEM, and EDS analyses
Polarised single-crystal spectra were recorded from 5000 to 2000 cm -1 with a Bruker IFS 66v/S Fourier-transform infrared (FTIR) spectrometer, which was equipped with a glo(w) bar light source, a liquid nitrogen-cooled MCT detector and a KRS-5 wire-grid polariser. Background and sample spectra were obtained from 128 scans with a spectral resolution of 2 cm -1 . The oriented crystal was mounted on a brass sample holder with a circular aperture of 500 μm in diameter. In addition, data were also checked with a Bruker TENSOR27 FTIR spectrometer using an identical setup, except for a DLATGS detector, 4000-2500 cm -1 range, 4 cm -1 spectral resolution, and a 1.5 mm aperture. (By this means, an ambiguous spectral feature at~3250 cm -1 could be assigned to traces of condensed humidity at the cold MCT detector window.) After background correction the spectra were decomposed into single Voigt-(Gaussian-and Lorentzian-) shaped component bands, using the program PeakFit 4.12 (Seasolve Software Inc.).
Raman spectra were acquired by using an edge filterbased confocal Renishaw RM1000 micro-Raman spectrometer in the spectral range from <100 to 4000 cm -1 . The 488 nm excitation line of a 20 mW Ar + laser and the 632.8 nm excitation line of a 20 mW HeNe laser were focused with a 50x/0.75 objective on the sample surface. Spectra were calibrated with the Rayleigh line and a Si standard. Minimum spatial resolution was~2-3 μm, the spectral resolution (apparatus function) was~4 cm -1 . The crystal was inspected and analysed by a Jeol JSM-6400 scanning electron microscope (SEM), operated at 10 kV (for imaging and qualitative EDS micro-analyses) or 20 kV (for quantitative EDS analyses), equipped with a Link EDS system. Pure elemental standards, averaging of ten point analyses, and correction by the ZAF procedure were applied for the quantitative analyses of the triphylite sample (see above).
A FEI Tecnai G2 F20 X-Twin operating at 200 kV with field emission gun electron source was utilized for the transmission electron microscopy (TEM) studies. An attached EDAX EDS system with ultrathin window was used for chemical analyses and mapping. Oriented TEM sample preparation was carried out in advance by using the focused ion beam (FIB) technique (Ga-ion source, 30 kV acceleration voltage) on a FEI FIB 200 TEM (Wirth 2004; 2009) .
Results

Optical inspection
Under the optical polarising microscope, in transmitted light the (100) crystal section shows a distinct pleochroism with an orange-brown colour parallel to [001] and a light greenish-grey colour parallel to [010] . In the (010) section, a light brownish-grey colour occurs parallel to [100] . The slightly different colours parallel to [100] and [010] are also discernable in the (001) section and confirm the weak pleochroism (Langer et al. 2006) . In comparison to the (100) section, the (010) section shows a slightly turbid appearance resulting from rows of micro-scale lamellae with a strongly preferred orientation parallel to [001] , reminding of a lamellar exsolution texture. Optical examination of the (001) crystal plate reveals a similar diffuse pattern with rows of spindles, giving evidence for the presence of platelet-shaped phases oriented parallel to (100). The size of these features ranges in the micrometer scale, i.e. > 10 μm length and <1-2 μm width ( Fig. 1 ). In the centre of some spindles a dark spot (microinclusion) is sometimes revealed. In contrast to the perfect extinction on the (100) section, the (010) and (001) sections show a dark blue interference colour under crossed polarisers.
In polarised reflected light, the polished (100), (010) and (001) sections show a weak but distinct reflection pleochroism. By observing the (010) and (001) polished sections under crossed polarisers, internal reflections also reveal the described faint exsolution texture.
IR spectra of triphylite
The OH absorption feature of triphylite is characterised by a relatively broad absorption band at~3444 cm ). Moreover, several weak and broad features between 2800 and 3300 cm -1 corrupt the spectra. These were assigned to the second overtones of PO 4 stretching vibrations (3ν 1,3~2 700-3300 cm -1 ) and artefacts from condensation of humidity at the cold detector window (see above), and thus were included in the background correction. Polarised OH absorption spectra measured on (100) and (010) IR spectroscopic determination of the 'water' concentration The linear absorption coefficient of an absorption band is defined as α0A/t, where A is the linear absorbance, log (I 0 / I), and t is the thickness of the crystal measured in cm (here t0 0.2 cm). The integrated absorbance values A i (cm ). The water content in wt% is calculated using the relationship c H2O 0 TEM and RAMAN study Figure 3a depicts a TEM image in bright-field (BF) mode of a FIB section of the triphylite sample with one of the lamellae described above. The strictly parallel orientation of lamellae that was already observed under the optical microscope is confirmed. Moreover, each spindle shows an alternating dark and bright contrast pattern which is caused by polysynthetic twinning. An EDS line scan (P-K α , Fe-K α , Mn-K α ) across the individual twins normal to the twin boundaries did not show any change in chemical composition of the lamellae, which suggests the bright and dark contrast pattern to be not an effect of two different intergrown phases. As part of the TEM study, the chemical composition of the included lamellar The inset shows an example of a raw spectrum corrupted by a steep and curved background slope from PO 4 stretching fundamentals and overtones as well as condensed humidity phase was determined by EDS as a phosphate mineral with significantly higher Fe (38.5 at%), almost unchanged Mn (19.2 at%) and lower P contents (42.3 at%) than in the surrounding triphylite (27.8 at% Fe, 21.3 at% Mn, 50.9 at% P). The different chemical compositions of the twinned lamellae and the host phase cause strain contrast (white arrows in Fig. 3a) , which is a result of lattice mismatch between lamella and matrix. Elemental distribution maps with high spatial resolution that depict enrichment of Fe and depletion of P are shown in Fig. 3b,c . From highresolution imaging and resulting diffraction pattern of matrix plus lamellae (Fig. 4a,b ) the following orientation relationship between matrix and lamellae was observed: (010) tr // (100) sar ; (100) tr // (010) sar ; (110) tr // (110) sar .
The micro-Raman spectra (Fig. 5) obtained from the exsolution lamellae (pure spectra could only be obtained after subtraction of the triphylite host spectra), and their comparison with reference spectra from the RRUFF database (Downs 2006) , clearly prove the presence of sarcopside, (Fe,Mn) 3 (PO 4 ) 2 as the dominating mineral phase, which is commonly observed in the form of exsolutions in triphylite (Smeds et al. 1998 , Hatert et al. 2007 , Roda-Robles et al. 2011 , and whose composition is also in perfect agreement with the analytical data obtained by TEM-EDS (see above). Moreover, the observed polysynthetic twinning in the TEM image (Fig. 3a) is indeed a characteristic feature of sarcopside (Hurlbut 1965) , and its crystal structure and lattice parameters are closely related to those of triphylite, thus facilitating oriented mutual intergrowth (see below). However, according to its stoichiometry sarcopside is an anhydrous phosphate mineral and thus cannot be invoked as source of a hydrous component indicated by the OH absorption bands in the IR spectra of triphylite. Nevertheless, incorporation of hydrogen in the form of defects is well possible for both host triphylite and sarcopside lamellae (see discussion below).
Repeated acquisition of micro-Raman spectra and qualitative SEM EDS analyses of the central micro-inclusions in the lamellae (see above and Fig. 1 ) eventually identified two hydrous minerals, i.e., muscovite (OH stretching band at~3630 cm -1 ; K, Al, Si in EDS) and apatite (OH stretching band at~3570 cm -1 ; Ca, P in EDS).
Discussion
The structure of the triphylite-lithiophilite series, Li(Fe,Mn) PO 4 , has the olivine topology (Losey et al. 2004) . One formula unit contains two crystallographically different M sites, i.e., M1 on a centre of symmetry, and M2 in a mirror plane. P is also placed in the mirror plane. Two of the three oxygen positions, O1 and O2, are located in a mirror plane, while the third, O3, occupies a general position (Fig. 6 ). All oxygen atoms are coordinated by three M cations and one P atom in the form of a distorted tetrahedron, i.e., O3: 2 x M2 , M1, P; O2 and O1: 2 x M1, M2, P. The complete ordering of cations with Li at the M1 site and (Fe,Mn) at the M2 site is in contrast to the majority of olivine-structure phases, in which there is extensive disorder among the octahedrally coordinated cations at the M sites (Losey et al. 2004 ).
The exsolution lamellae observed in the present study of intermediate gem-quality triphylite-lithiophilite, have been clearly identified as sarcopside (see above). The structure of sarcopside, V(Fe,Mn)(Fe,Mn) 2 (PO 4 ) 2 can be easily derived from the structure of triphylite Li 2 (Fe,Mn) 2 (PO 4 ) 2 by the presence of ordered vacancies (V) and Fe/Mn atoms at the Li (M1) sites (Moore, 1984) . As a consequence, the lattice parameters of triphylite (a04.71, b010.38, c06.04 Å) are in close agreement with those of monoclinic (pseudoorthorhombic) sarcopside (a010.44, b04.77, c06.03 Å, β090°; Moore 1972) which implies that the (010) plane of sarcopside is oriented parallel to the (100) plane of triphylite. This is also demonstrated from FFT from highresolution TEM images (Fig. 4b) .
The observation of a group of weak O-H stretching bands (equivalent to only 3.7 wt-ppm H 2 O) at about 3419, 3444, and 3474 cm -1 in the polarised IR spectra of triphylite, which show different band intensities in different crystal orientations (pleochroism with maximum absorption parallel to [001] ), indicates that the hydrous species (OH -/H 2 O) have a certain structural relation to the sample. Three possibilities of hydrogen incorporation can be considered, which are in agreement with this observation: (a) hydrous species at the interface between triphylite host and oriented sarcopside lamellae, (b) hydrous species resulting from the incorporation/exsolution of sub-microscopic hydrous mineral phases in the triphylite host, (c) hydrous point defects in the structure of triphylite and/or sarcopside. Micro-Raman spectra of sarcopside lamellae, triphylite host phase, and reference spectra from the RRUFF database (Downs 2006) . Spectra were normalised to max. intensity01.0, and each vertically offset by intensity01.0. Sarcopside spectra were improved by subtraction of spectral components from the host triphylite.
appears reasonable, because these extremely thin and flat inclusions have a certain structural relation and orientation to each other (see above) and thus provide a well defined environment for structurally aligned water and/ or hydroxyl groups in the distorted interface region (strain contrast at the interface, Fig. 3a) . Although the general distortion of the interface region is assumed low due to similar lattice parameters of both phases (see above), local distortions in the form of vacant and Fe/Mn-substituted Li sites and resulting local strain may provide suitable sites for structurally constrained hydrogen incorporation. As a further argument, the wavenumbers of the IR absorption bands in triphylite are well comparable to the frequently observed broad 3400 cm -1 absorption band caused by moisture (water molecules) adsorbed to grain boundaries of KBr powder pellets or to the surfaces of IR-transparent lenses and windows crafted from KBr. However, in contrast to the present study, the band in KBr is isotropic due to the cubic symmetry (optically isotropic) and the random orientation of grain boundaries in KBr pellets.
(b) Potential hydrous micro-inclusions in triphylite were predominantly searched for in the RRUFF data base (Downs 2006) . The use of compositional constraints, i.e. presence of Fe or Mn, P, O, H, (Li), resulted in approximately 20 hints, which were later expanded by IR/Raman spectra of further compounds from the internet and from spectral data books. Two hydrous phosphate minerals appear as ideal candidates, i.e., phosphoferrite, (Fe,Mn) 3 (PO 4 ) 2 · 3H 2 O, and reddingite, (Mn,Fe) 3 (PO 4 ) 2 · 3H 2 O, both representing the end-members of a complete solid solution series. Their chemical composition corresponds exactly to that of sarcopside+3H 2 O. They are well known to occur as hydrothermal alteration products of triphylite (Moore 1984) , and the Raman spectra of both minerals, available from the RRUFF data base (Downs 2006) , are characterised by a strong O-H stretching band at 3443 cm -1 and a broad band/shoulder on the low-energy side at~3200 cm -1 . The spectra were also confirmed by own independent Raman and IR measurements (KBr pellets and ATR technique) of two reference samples. The former band position is in perfect agreement with the observed band at 3444 cm -1 , dominating the unpolarised IR spectrum in the OH stretching vibrational region of triphylite and its polarised spectrum measured parallel to [001] . However, on the one hand the component bands at 3419/3474 cm -1 in the IR spectra of triphylite remain still unassigned, and on the other hand the broad band/shoulder of phosphoferrite-reddingite at~3200 cm -1 is not observed -1
, not explained by the spectrum of phosphoferrite, require the presence of an additional hydrous phase. Candidates from the RRUFF data base (Downs 2006) (c) Considering the presence of OH groups in the form of structural point defects, the observed pleochroic O-H stretching bands can be assigned to OH point defects similar to those frequently observed in the structure of olivines from different occurrences (Fig. 2) . Thus, the former band is oriented closer to the [100] direction, the latter two are closer to [001] .
Assuming vacancies at the Li (M1) sites (Fig. 6 ), OH defects pointing roughly parallel to the O1-M1 vector, would be consistent with the observed pleochroic behaviour of the bands. This direction coincides perfectly with a line approximately perpendicular to the plane of the three "remaining" coordinating cations around O1, repelling the H atom by electrostatic Coulomb forces. Slight deviations from this line are caused by different charges of the different coordinating cations. For pure triphylite this OH point defect is coordinated by one Li (M1), one Fe 2+ (M2) and one P, where O1 acts as donor oxygen (Fig. 6 ). This model is based on the plausible assumption of a vacant Li (M1) site as it is also found in the related structures of sarcopside and ferrisicklerite. Considering local distortions, the O1···O3 distance of 2.93 Å is in fair agreement with the expected H bond length (see above), thus making the O3 oxygen atom, coordinating the vacant Li site, a favourable acceptor oxygen of a strongly kinked O-H···O bond. The O2 atom at an O1···O2 distance of 3.08 Å may also act as an additional H bond acceptor, thus forming an asymmetric bifurcated H bond.
Another OH defect is proposed under the assumption of a vacant P site, comparable to the "hydrogarnet" defect in silicate minerals . Thus O3 may act as donor oxygen for an OH group pointing roughly along the O3-O3 line close to the centre of the vacant PO 4 tetrahedron (Fig. 6) . The O-H vector is again perpendicular to the plane of the three remaining M cations, as required by Coulomb repulsion. The intratetrahedral O3···O3 distance amounts to 2.45 Å which is in severe disagreement with the expected H bond distance of ca. 2.80-2.85 Å. However, it must be emphasized that due to the vacant centre of the tetrahedron its size is expanded by ca. 20% (in analogy to hydrogrossular). As a consequence, the relaxed O3···O3 distance is assumed as~2.94 Å which is in fair agreement with the expected O-H···O distance.
Though only two different OH point defect types are considered above, a wide variety of defects and related absorption bands with slightly different wavenumbers and pleochroic behaviour emerge from substitution at the three coordinating cation sites connected to the O-H groups. Thus, in case of the intermediate triphylitelithiophilite sample of the present study M2 is approximately equally occupied by Fe 2+ and Mn 2+ . Fe 3+ and Mn 3+ must be also considered to provide charge balance for vacant Li sites (see ferrisicklerite above) and/or for a vacant P site. In case of defects in the sarcopside lamellae, Li at M1 is replaced by vacancies and by Fe/Mn atoms, giving rise to additional defect environment and related O-H stretching bands.
Comparing the OH defect incorporation in triphylite with that in isostructural olivine, a generally different preference of incorporation modes is evident. In contrast to triphylite, most of the OH absorption bands in olivine occur at higher wavenumbers and are strongly polarised parallel to [100] . However, few exceptions exist in olivines where rarely occurring lower-energetic absorption bands are polarised parallel to [001] (Beran and Putnis 1983; Lemaire et al. 2004) . A common feature of the OH defect incorporation modes in phospho-and silicate olivines is the basic requirement for the presence of vacancies on cation sites. No plausible models are derivable by simply assuming charge imbalances on fully occupied cation sites coordinating the OH defects.
For technical applications in Li batteries, one may speculate whether "OH defect-induced" Li vacancies on M1 sites may have an effect on the activation energy for Li diffusion. A change of the activation energy can be expected by the presence of higherenergetic Li-OH bonds, due to the replacement of coordinating oxygen atoms by OH point defects.
